Abstract Conditioning protocols involving mechanical stress independently or with chemical cues such as growth factors (GFs) possess significant potential to enhance bone regeneration. However, utilization of thermal stress conditioning alone or with GFs for bone therapy has been underinvestigated. In this study, a preosteoblast cell line (MC3T3-E1) was exposed to treatment with water bath heating (44°C, 4 and 8 min) and osteoinductive GFs (bone morphogenetic protein-2 and transforming growth factor-β1) individually or in combination to investigate whether these stimuli could promote induction of bone-related markers, an angiogenic factor, and heat shock proteins (HSPs). Cells remained viable when heating durations were less than 20 min at 40ºC, 16 min at 42ºC, and 10 min at 44ºC. Increasing heating duration at 44°C, promoted gene expression of HSPs, osteocalcin (OCN), and osteopontin (OPN) at 8 h post-heating (PH). Heating in combination with GFs caused the greatest gene induction of osteoprotegerin (OPG; 6.9-and 1.6-fold induction compared to sham-treated and GF only treated groups, respectively) and vascular endothelial growth factor (VEGF; 16.0-and 1.6-fold compared to sham and GF-only treated groups, respectively) at 8 h PH. Both heating and GFs independently suppressed the matrix metalloproteinase-9 (MMP-9) gene. GF treatment caused a more significant decrease in MMP-9 protein secretion to non-detectable levels compared to heating alone at 72 h PH. Secretion of OCN, OPN, and OPG increased with the addition of GFs but diminished with heating as measured by ELISA at 72 h PH. These results suggest that conditioning protocols utilizing heating and GFs individually or in combination can induce HSPs, bone-related proteins, and VEGF while also causing downregulation of osteoclastic activity, potentially providing a promising bone therapeutic strategy.
Introduction
Bone diseases such as osteoporosis primarily result from abnormal activities of bone cells such as osteoclasts or osteoblasts that cause an imbalance between bone formation and resorption (Teitelbaum 2000) . Numerous research groups have investigated the cellular response and regenerative potential of stress conditioning (e.g., tensile and shear stress) to develop novel therapeutic strategies for bone repair (Singh et al. 2007; Sharp et al. 2009 ). In addition to mechanical stress, in situ delivery of exogenous bone-related growth factors (GFs) such as transforming growth factors (TGFs; Choi et al. 1996; Kandziora et al. 2002) , bone morphogenetic proteins (BMPs; Wei et al. 2007; Jeong et al. 2004) , and vascular endothelial growth factor (VEGF; Zhang et al. 2009 ) enhanced osteogenesis and bone healing. In particular, recombinant human BMP-2, an FDA-approved GF, induced osteogenesis of mesenchymal cells into osteoblasts by various transfection factors such as Runx-2 and Osterix (Ryoo et al. 2006 ). MC3T3-E1 cells exhibited enhanced alkaline phosphatase (ALP) and osteocalcin (OCN) following exogenous delivery of BMP-2 (Spinella-Jaegle et al. 2001) and their proliferation increases following introduction of TGF-β1 (Peterson et al. 2004) . VEGF is produced by several cell types (e.g., fibroblasts and osteoblasts) and can induce new blood vessel formation and bone healing when administered exogenously, suggesting that VEGF plays a critical role in bone regeneration (Carano and Filvaroff 2003; Dai and Rabie 2007; Street et al. 2002) .
Despite the extensive use of conditioning with mechanical stress and chemical cues in tissue engineering and bone-related research, few studies have investigated thermal stress conditioning as a method for promoting regeneration. Low-level heating in the range of 40-42°C using various heating devices (e.g., water bath, humidified incubator, heating blanket, and temperature stimulator) induced positive in vitro and in vivo responses for tissue regeneration in skin (Harder et al. 2004) , muscle (Riederer et al. 2008) , cartilage (Hojo et al. 2003) , teeth (Lee et al. 2008) , heart (Wang et al. 2008; Rylander et al. 2005) , and bone (Shui and Scutt 2001; Yoshida et al. 2009 ). Even though it is difficult to accurately compare the results of each study due to the variation in heating protocols employed and type of cells considered, utilization of lowlevel heating is preferred for skeletal tissue studies due to its ability to increase metabolic activity and cellular proliferation without cytotoxicity (Hojo et al. 2003; Shui and Scutt 2001; Ye et al. 2007 ). Heating with a water bath at 39-41°C for 1 h increased cell proliferation and ALP production (Shui and Scutt 2001) in bone-related cells and heating at 41°C or lower for 15-30 min improved proteoglycan metabolism with higher viability than shamtreated chondrocytes (Hojo et al. 2003) . Furthermore, the use of conditioned culture media acquired from heat-treated osteoblasts (incubator heating at 42°C for 1 h) enhanced OCN secretion and mineralization in bone marrow mesenchymal cells (Ye et al. 2007 ). In addition to water bath or incubator heating, the exposure to elevated temperatures in the range of 42.5-44°C following treatment with 915 MHz microwave for 45 min generated new osseous tissue (Leon et al. 1993) . Taken together, thermal stress conditioning can potentially serve as a positive cue for bone regeneration, which could be employed in combination with other tissue engineering exogenous stimuli such as GFs. However, the synergistic benefit of employing thermal stress and GFs for bone tissue engineering has not been explored.
The heat-stimulating effects causing bone formation may be mediated by elevated expression of heat shock proteins (HSPs). HSPs are induced by stresses that perturb the cellular environment, such as hypoxia (Mestril et al. 1994) and hyperthermia (Wang et al. 2008; Rylander et al. 2005; Wang et al. 2003) . HSPs are multifunctional proteins involved in a variety of cellular activities such as antiapoptotic self-protection in response to cytotoxic environments Cooper et al. 2000) , tissue regeneration (Hebb et al. 2006; Laplante et al. 1998) , actin stabilization (Russotti et al. 1997) , and differentiation by regulating caspase activity and stabilizing proteins associated with differentiation (Lanneau et al. 2007 ). In particular, HSP27 is involved in bone physiology through upregulation of TGF-β (Hatakeyama et al. 2002) and estrogen (Cooper and Uoshima 1994) which can increase bone mass, endothelin-1 (Tokuda et al. 2003) , and prostaglandins (Kozawa et al. 2001) . HSP47 is a procollagen-binding protein expressed in the endoplasmic reticulum (Nagata 1998) and involved in the biosynthesis of type I collagen (Dafforn et al. 2001 ), a major bone extracellular matrix protein. Treatment of MC3T3-E1 cells with TGF-β1 elevated HSP47 and type I collagen mRNA expression (Yamamura et al. 1998) . Therefore, control of HSP27 and HSP47 may be important in modulating cellular events in skeletal tissue such as bone and cartilage (Tiffee et al. 2000) . HSP70 has a potential role in enhancing antiapoptotic effects following thermal stress (Riederer et al. 2008) , but has exhibited variation in induction level depending on post-heating duration in response to elevated temperatures (44-50°C; Rylander et al. 2005) . In bonerelated cells, thermal stress caused HSP70 upregulation (Shui and Scutt 2001) and enhanced cell proliferation. Furthermore, HSP27 and HSP70 are involved in the apoptosis pathway and operate as anti-apoptotic molecules (Garrido et al. 2006 ) in response to diverse stresses (Terauchi et al. 2003; Dressel et al. 2000) . Although HSPs have roles in bone physiology and can be induced by heat, limited understanding exists regarding the response of bone cells to thermal stress and the potential benefit of thermal stress conditioning for bone tissue engineering.
In vitro differentiation and the metabolic response of bone cells can be investigated by measuring induction of bone matrix proteins such as osteopontin (OPN; Klein-Nulend et al. 1997) and OCN (Shea et al. 2000) , cytokines such as osteoprotegerin (OPG; Tang et al. 2006) , and enzymes such as matrix metalloproteinases (MMPs; Mizutani et al. 2001) . Matrix proteins such as OPN, OCN, bone sialoprotein (BSP), and type I collagen have been used as indicators to confirm successful osteogenic processes (Sharp et al. 2009; Klein-Nulend et al. 1997; Shea et al. 2000) . VEGF is a key growth factor controlling bone formation as well as angiogenesis by mediating communication between endothelial cells and bone cells (Dai and Rabie 2007) . Due to VEGF's role as an angiogenic inducer, numerous tissue engineering experts have investigated enhancing VEGF levels in an osteo-scaffolding system with VEGF gene or protein delivery (Santos and Reis 2009) . OPG has a critical role in bone physiology by diminishing osteoclast differentiation through mediation between the receptor activator nuclear factor κB (RANK) and RANK-ligand (Aubin and Bonnelye 2000) . In addition, MMP-9 is used to identify the phenotype and differentiation status of osteoclast precursor cells into mature osteoclasts (Kaneshita et al. 2007 ) and is considered a therapeutic target to treat bone diseases such as osteoporosis (Rodan and Martin 2000) .
To develop thermal stress conditioning protocols capable of enhancing bone formation, our study investigated whether in vitro thermal stress in combination with GFs could promote bone-related proteins which are potential indicators for osteogenic, anti-osteoclastic, and angiogenic activity as well as the stress-protective capacity of preosteoblasts. Therefore, we measured the induction of HSPs (HSP27, HSP47, and HSP70), an angiogenic factor (i.e., VEGF), and critical bone proteins (e.g., OPN, OCN, OPG, type I collagen, BSP, ALP, and MMP-9) by MC3T3-E1 cells following thermal conditioning utilizing a range of thermal stimulation protocols (44°C, 4 and 8 min) and two osteoinductive GFs (BMP-2 and TGF-β1) individually or in combination for varying post-heating (PH) timepoints (8, 24 , and 72 h).
Materials and methods
Cell culture A murine preosteoblastic cell line, MC3T3-E1 (ATCC), was cultured as a monolayer with growth media that was composed of alpha Minimum Essential Medium (αMEM; Mediatech) supplemented with 10% fetal bovine serum (FBS) and 1% penicillin-streptomycin (PS) in an incubator at 5% CO 2 and 37°C. For cytotoxicity measurements, cells were seeded into 12 well plates at a concentration of 5x10 4 /well and cultured for 24 h to allow adhesion before heating. For western blot and PCR analysis, cells were seeded into 25-cm 2 T-flasks at 5×10 5 / flask for measurement at 8-24 h PH and 3×10 5 /flask for measurement at 72 h PH to avoid over-confluency of cells. Each group was cultured for 48 h prior to heating.
Water bath heating A constant temperature water bath (ISOTEMP 210, Fisher Scientific) was employed as the mode of thermal conditioning to heat experimental specimens similar to methods described in our prior work (Rylander et al. 2005; Rylander et al. 2010) . Media composed of MEM without L-glutamine was used during the heating process to prevent cell damage caused by the degradation of L-glutamine at high temperatures. Heating media was pre-warmed to the desired temperature and added to a monolayer of MC3T3-E1 cells. Subsequently, the flask was submerged in the water bath that was set at constant temperatures of 40-44°C for heating durations of 2-20 min. Following thermal stress, osteogenic media was added to promote osteogenesis during the PH period.
Osteogenic media was composed of αMEM including 50 μg/ml L-ascorbic acid, 10 mM β-glycerol phosphate, 1% FBS, and 1% PS with or without the addition of BMP-2 (50 ng/ml) and TGF-β1 (2 ng/ml). The selected concentrations of GFs were previously shown by Chung et al. to cause differentiation of MC3T3-E1 cells (Chung et al. 1999) . The osteogenic media for cytotoxicity measurements was supplemented with 10% FBS rather than 1% to permit ideal media conditions for cell proliferation. To permit induction of HSP and manifestation of cellular injury, cells were returned to a 5% CO 2 incubator at 37°C after heating and post-incubated for varying durations depending on measurement type: cytotoxicity (24 h), western blot (24 h), PCR (8, 24 , and 72 h), and enzyme-linked immunosorbent assay (ELISA; 72 h). We selected these short post-heating periods to investigate and compare the induction of HSPs and other bone-related proteins following stress treatment because previous studies described the transient induction of HSP occurring within several hours up to 72 h (Rylander et al. 2005; Wang et al. 2003) .
Analysis of cytotoxicity After MC3T3-E1 cells were heated at 40-44°C for 2-20 min and post-incubated for 24 h, cell viability was measured by 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS) assay using CellTiter96 ® Aqueous One Solution Cell Proliferation Assay (Promega). MTS solution mixed with basal αMEM media at a volume ratio of 1:5 was added to cultured cells. After 4-h incubation at 37°C, the solution was transferred to a 96-well plate and optical density was measured at 490 nm by a microplate reader (SpectraMax M2 e , Molecular Devices).
Western blot Western blot analysis was used to investigate the correlation between HSP expression and thermal stress conditioning (44°C for 0-8 min) at 24 h PH. Cells were lysed with RIPA buffer (Santa Cruz Biotechnology). For electrophoresis, isolated protein was loaded in a 10% Criterion Tris-HCl Gel (Bio-Rad Laboratories). Proteins transferred onto the membranes were immunoblotted using primary antibodies for HSP27, HSP47, and HSP70 and secondary antibodies diluted in 5% non-fat dry milk solution in Tween-20/Tris buffered saline (TBS) for blocking. All primary and secondary antibodies were purchased from Santa Cruz (SC) Biotechnology except for the HSP70 primary antibody (Stressgen). HSP27 (SC-51956, dilution ratio=1:200), HSP47 (SC-13150, 1:500), and HSP70 (SPA-810, 1:1,000) were mouse monoclonal primary antibodies. HRP-conjugated secondary antibodies (SC-2005 for HSP27 and HSP47, and SC-2969 for HSP70, 1:2,000) corresponding with the specific species of each primary antibody were used. After adding a chemiluminescent solution, protein bands were visualized by LAS3000 Image Analyzer (Fujifilm). Quantification of each protein band on western blot images was accomplished by calculating the intensity difference between a band of interest and background per unit area using Multi Gauge V3.0 program (Fujifilm). After imaging, the membranes were stripped for actin normalization by incubating for 30 min at 50°C in the stripping solution.
Quantitative real time RT-PCR Cells were heated at 44°C for 0, 4, and 8 min and gene expression for all markers shown in Table 1 was measured at 8, 24, and 72 h PH. RNA was isolated by spin protocol using RNeasy Mini kit (Qiagen) and QIAshredder (Qiagen). Isolation procedures were conducted according to manufacturer's protocols. Isolated RNA was converted to cDNA using a Reverse Transcription System (Promega). After reverse transcription, cDNA samples were mixed with Taqman PCR Master Mix (Applied Biosystems) and each specific primer, and then polymerized in 7300 Real-Time PCR Systems (Applied Biosystems). The PCR reaction was initiated at 50°C for 2 min and 95°C for 10 min. For each polymerization (total PCR reaction cycles=45), temperature was set at 95°C for 15 s and 60°C for 1 min. Taqman® Gene Expression Assays (Applied Biosystems) used for specific gene detection are listed as a primer and probe in Table 1 . Relative fold induction (RFI) of each mRNA expression was calculated according to the 2 -△△CT method used in Lee et al.'s study (Lee et al. 2004) . Threshold cycle (C T ), derived using SDS v1.2× system software of 7300 Real-Time PCR System, denotes the fractional cycle number at threshold polymerized gene and ΔΔC T was derived from (C T of target gene − C T of GAPDH) treated group − (C T of target gene − C T of GAPDH) control group (Lee et al. 2004) . Treated groups refer to heated and GF-added only groups or groups treated with heat and GFs. For all tests, control groups indicated sham-treated cells with neither GF addition nor heating. Since all samples were normalized with the control groups and housekeeping GAPDH gene, the basal level of expression for the control groups was close to 1.
ELISA Protein secretion was analyzed using ELISA. Conditioned media from cell monolayers was isolated at 72 h following thermal stress (44°C, 0-8 min). ELISA was conducted using the manufacturer's protocol. OPG (MOP00), VEGF (MMV00), OPN (MOST00), and MMP-9 (MMPT90) were measured using Quantikine® ELISA (R&D Systems). OCN secretion data were acquired by Mouse Osteocalcin EIA kit (Biomedical Technologies). Culture supernatant was added to a 96-well microplate coated with specific antibodies for each secreted protein.
The optical absorbance of the solution was measured at 450 nm by a microplate reader and compared to a standard curve. The concentration of secreted proteins in the culture supernatant was quantified from standard curve estimation.
Statistical analysis Experimental groups with a minimum of three repetitions were utilized and analyzed independently. All graphs are presented as mean±standard deviation (SD). Oneway ANOVA with a Tukey multiple comparison test was used for analyzing the significant difference of cytotoxicity in heated samples compared to sham-treated control (p<0.05). 
Results
Cytotoxicity in response to thermal stress conditioning As a prerequisite for identifying feasible heating protocols for bone regeneration, we first characterized the threshold heating temperature and duration necessary to cause cytotoxicity. MTS data showed cytotoxicity after heating for durations longer than 20 min at 40ºC, 16 min at 42ºC, and 10 min at 44ºC (Fig. 1) . Preosteoblast viability was not significantly altered compared to control groups provided a heating duration shorter than 10 min was chosen for all temperatures (40ºC, 42ºC, and 44ºC). In an effort to maximize response to heating, all future measurements were acquired using the highest water bath temperature of 44ºC with corresponding heating durations shorter than 10 min to maintain viability.
HSP expression in response to thermal stress conditioning and GF treatment
The effect of heating duration (0-8 min) at 44°C on protein levels of HSPs by MC3T3-E1 cells was measured using western blot analysis at 24 h PH (Fig. 2a, b) . In addition, we investigated the impact of thermal stress (44°C, duration=0, 4, 8 min) and GFs (BMP-2 and TGF-β1) independently and in combination on HSP gene expression by measuring mRNA levels of HSP27, HSP47, and HSP70 using RT-PCR (Fig. 2c-h ) at 8, 24, and 72 h PH. Our results demonstrate that a single dose of thermal stress for less than 10 min can cause substantial induction in HSP expression. However, the expression of each protein was transient and the expression level varied for each HSP following thermal stress. Thermal stress increased gene expression of all HSPs for all protocols at 8 h PH ( Fig. 2c, d ; HSP27, 2.1 and 2.4 RFI; HSP47, 1.8 and 4.4 RFI; HSP70, 10.2 and 63 RFI following 4 and 8 min of heating, respectively). Statistically significant induction in HSP47 and HSP70 mRNA occurred following 8 min of heating. HSP70 exhibited the greatest increase in mRNA (63 RFI) following thermal stress compared to HSP27 (2.4 RFI) and HSP47 (4.4 RFI) at 8 h PH. Similarly, western blot analysis demonstrated HSP70 increased dramatically compared to the other HSPs at 24 h PH. The protein expression of HSP27 was observed only in the groups exposed to 6 and 8 min of heating whereas non-heated groups or groups exposed to heating durations shorter than 6 min exhibited no visible HSP27 protein bands. HSP47 exhibited a high level of basal expression which was unaffected by thermal stress in spite of the induction of HSP47 mRNA. Thermal stress independently and in combination with GFs increased gene expression of all HSPs for all protocols at 8 h PH, while the addition of GFs following 8 min of heating diminished HSP expression (no statistical significance); HSP27 (2.4 RFI without GFs; 1.6 RFI with GFs), HSP47 (4.4 RFI without GFs; 3.0 RFI with GFs), and HSP70 (63.0 RFI without GFs; 35.6 RFI with GFs). At 24 h PH (Fig. 2e, f) , the fold inductions observed following treatment with heating and GFs decreased compared to those observed at 8 h PH. HSP70 gene expression increased 5.0-and 24.1-fold following 4 and 8 min of heating without GFs, respectively. However, the addition of GFs diminished the benefit achieved by heating with corresponding HSP70 RFI values of 0.7, 1.9, and 5.5 following 0, 4, and 8 min of heating with GFs, respectively. HSP27 did not show any significant change in expression following both individual and combinatorial heating and GF addition. However, HSP47 mRNA was induced more significantly with GF addition with 7.5 RFI in non-heated groups and 2.3 and 1.1 RFI following 4 and 8 min of heating with GFs, respectively. Heating in combination with GFs diminished the benefit of GFs. At 72 h PH (Fig. 2g, h ), GFs significantly suppressed HSP70 expression (lower than Fig. 1 Cytotoxicity of MC3T3-E1 cells following of water bath heating for varying heating durations and temperatures. MTS assay was performed at 24 h PH at 40°C (a), 42°C (b), and 44°C (c). Absorbance at 490 nm was used as relative quantification data for cytotoxicity (mean±SD). Asterisk represents statistical significant difference between control group (unheated) and heated groups (p<0.05) 0.4 RFI) and exhibited similar HSP27 and HSP47 mRNA expression levels compared to those without GF addition.
Gene expression and protein release of bone-related proteins in response to thermal stress conditioning and GF treatment The response of preosteoblasts to combined thermal stress conditioning and GFs was determined by measuring several bone-related proteins: matrix proteins (OCN, OPN, BSP, and type I collagen), GFs (VEGF), cyclooxygenase-2 (COX-2), the cytokine OPG, and enzymes (MMP-9 and ALP). Figure 3 shows that numerous bone-related genes exhibited increased induction in response to heating alone and in combination with GFs (TGF-β1 and BMP-2) for longer heating durations at 8 h PH: OPN (without GFs: 1.1 and 1.8 RFI; with GFs: 0.5 and 0.8 RFI after 4 and 8 min of heating, respectively), OCN (without GFs: 1.9 and 3.8 RFI; with GFs: 1.3 and 2.0 RFI after 4 and 8 min of heating, respectively), and OPG (without GFs: 1.2 and 2.1 RFI; with GFs: 5.6 and 6.9 RFI after 4 and 8 min of heating, respectively). The addition of GFs caused a significant decrease in gene levels of OCN and OPN, however, a significantly greater induction of OPG compared to heating alone (8 min) was observed. Specifically, OPN expression showed a significant increase of 1.8 RFI following 8 min of heating without GFs compared to control. However, GF inclusion following 4 and 8 min of heating significantly suppressed OPN with 0.5 and 0.8 RFI, respectively, compared to cells experiencing heating only. OCN expression increased 1.9 and 3.8 RFI following 4 and 8 min of heating without GFs, respectively (only 8 min, p<0.05). However, the addition of GFs to samples heated for 4 and 8 min suppressed gene expression with 1.3 and 2.0 RFI (only 8 min, p < 0.05). OPG expression significantly increased 5.6 and 6.9 RFI for 4 and 8 min of heating, respectively in combination with GFs as compared to 1.2 and 2.1 RFI for heating alone for 4 and 8 min, respectively.
At 24 h PH, OPN and OPG showed similar induction trends in response to heating or GF addition compared to 8 h PH data. However, OCN did not show any significant response to heating or GFs. At 72 h PH, OPN did not show any apparent induction in response to heating and GFs. OPG showed significant increase (1.5 RFI) only in the group experiencing 8 min of heating with GFs compared to the control. MMP-9 significantly increased at 8 h following GF addition for both heated (2.8 and 2.1 RFI for 4 and 8 min of heating) and sham-treated cells (2.8 RFI). However, without and 72 h (c-h). HSP27, HSP47, and HSP70 mRNA expression at PH durations of 8 (c, d), 24 (e, f), and 72 h (g, h). Asterisk, double asterisks, and number sign represent statistical significance between control (non-heated without GFs) and stressed groups, between groups heated for 4 and 8 min, and between each heated group in the absence or presence of GFs (e.g., 4 min heating with or without GFs), respectively (p<0.05). N.D. denotes no detection in western blot analysis GF addition, MMP-9 decreased significantly following 8 min of heating for PH durations of both 24 (0.4 RFI) and 72 h (0.2 RFI). GF treatment alone and in combination with heating inhibited MMP-9 (0.1 RFI) expression more significantly compared to heating alone (0.4 and 0.2 RFI for 4 and 8 min of heating) and there was no significant change in MMP-9 expression following heating with GFs after 72 h.
The thermal conditioning protocols utilized in this study hindered the induction of ALP and BSP genes (Fig. 3) . ALP decreased following heating alone and in combination with GFs for all PH durations and significantly decreased after 8 min of heating in combination with GFs compared to groups treated with only GFs following periods of 8 and 24 h: 1.1 RFI after 8 min of heating with GFs and 1.6 RFI in only GF groups following 8 h; 0.5 RFI after 8 min of heating with GFs and 2.0 RFI for treatment with GFs at 24 h. Interestingly, BSP increased significantly in response to GF addition alone (4.6 RFI) at 72 h but heating significantly diminished its induction (∼ 1 RFI).
ELISA was performed to investigate the secretion of bone proteins from MC3T3-E1 cells into the culture media following heating (44°C, 0, 4, and 8 min) and GF addition individually and in combination at 72 h (Fig. 4) . Without heating, GF addition alone significantly promoted secretion of OPN (5.4-fold) and OPG (10.7-fold) while inhibiting MMP-9 expression so significantly that it was not detectable by ELISA. In response to heating alone, OPN and OPG showed a slight increase (not statistically significant) in OPN and OPG levels which was much lower than those of GF-treated groups. OPG and OPN showed significantly decreased secretion in response to heating (4 min) and GFs. Moreover, OCN secretion in cells without GFs was too low to be detected by ELISA. Sham-treated and groups heated for 4 and 8 min of heating without GFs decreased in MMP-9 release with longer heating duration corresponding to concentrations of 621.2, 545.4, and 441.3 pg/ml, respectively.
Our study revealed that COX-2 mRNA was significantly upregulated by GF addition for all PH durations (Fig. 5) . Furthermore, COX-2 expression increased with longer heating duration in response to thermal stress: 2.7 and 9.8 RFI following 4 and 8 min of heating, respectively at 8 h PH. However, for 8 min of heating and increasing PH duration, the induction effect of heating on COX-2 RFI diminished with increasing PH heating duration (9.8, 3.3, and 1.6 RFI at PH durations of 8, 24, and 72 h, respectively).
Induction of VEGF in response to thermal stress conditioning and GF treatment As shown in Fig. 6 , thermal stress (8 min) at 44°C in combination with GFs caused significantly greater expres- Fig. 3 Expression of bone-related mRNA following thermal conditioning (44°C, 0, 4, and 8 min) and post-culturing with GFs (BMP-2 and TGF-β1) for PH durations of 8, 24, and 72 h. OPN, OCN, OPG, and MMP-9 mRNA at 8 h PH (a); ALP, BSP, and type I collagen (COL 1) mRNA at 8 (b), 24 (d), and 72 h PH (f); OPN, OCN, OPG, and MMP-9 mRNA at 24 (c) and 72 h PH (e). Asterisk, double asterisks, and number sign represent statistical significance between control (non-heated without GFs) and stressed groups, between groups heated for 4 and 8 min, and between each heated group in the absence or presence of GFs (e.g., 4 min heating with or without GFs), respectively (p<0.05) sion of the VEGF gene (at 8 and 24 h PH) and protein (72 h PH) compared to heating or GF addition independently, implying these methods may be conducive to enhancing angiogenesis in bone healing. GF addition induced VEGF mRNA more significantly than heating for all PH durations. Eight minutes of heating with GFs caused the greatest VEGF mRNA induction at 8 h PH (16.0 RFI) whereas heating alone induced only a 5.3 RFI in VEGF mRNA expression. At 24 h PH, VEGF exhibited similar trends at 8 h PH, but the RFI level of VEGF declined for samples heated alone (1.5 RFI after 8 min of heating) and in combination with GFs (10.7 RFI). At 72 h PH, heated samples returned to the basal level, but samples treated with GFs still maintained significantly elevated expression (∼5 RFI) compared to the control. Without GF addition, secreted VEGF into the culture medium was significantly decreased to a nondetectable level. Heating for durations of 4 and 8 min with GFs significantly enhanced the release of VEGF concentration by 9.0-and 6.2-fold, respectively, compared to non-heated groups with GFs.
Discussion
In this study, we demonstrated a single application of thermal stress conditioning can cause rapid induction of heat shock proteins and expression of bone-related proteins by MC3T3-E1 preosteoblastic cells. Furthermore, a novel combinatorial stress conditioning approach utilizing heating and growth factors (i.e., TGF and BMP-2) was also explored to determine whether this combination has a synergistic potential for bone healing.
We concluded that heating temperature of 40-44°C with durations shorter than 10 min was conducive to sustained viability (Fig. 1) . These results are comparable to studies by Rylander et al. in which cancerous (PC3) and normal (RWPE-1) prostate cells were heated with a water bath at 44°C to 60°C for 1 to 30 min (Rylander et al. 2010) . Heating protocol parameters such as heating duration and temperature can affect the thermal stress experienced by the cells. The thermal response time for our water bath heating protocol is much shorter compared to incubator-based heating (Lee et al. 2008; Ye et al. 2007; Russotti et al. 1996) , causing the onset of injury and protein induction to occur earlier. Prior studies using water bath heating have utilized lower temperatures (39-41°C) with longer heating durations (15 min-1 h), demonstrating beneficial cellular effects (Hojo et al. 2003; Shui and Scutt 2001) . In order to maximize HSP gene and protein induction, which occurs more significantly at higher temperatures (Rylander et al. 2005 ) while maintaining high cell viability, we utilized the , and 72 h. Asterisk, double asterisks, and number sign represent statistical significance between control (non-heated without GFs) and stressed groups, between groups heated for 4 and 8 min, and between each heated group in the absence or presence of GFs (e.g., 4 min heating with or without GFs), respectively (p<0.05) Fig. 4 Secretion of bone-related proteins following thermal conditioning (44°C, 0, 4, and 8 min) and post-culturing with GFs (BMP-2 and TGF-β1) for 72 h. The concentrations of secreted OPN (a), OCN (b), OPG (c), and MMP-9 (d) were quantified using ELISA. Asterisk, double asterisks, and number sign represent statistical significance between control (non-heated without GFs) and stressed groups, between groups heated for 4 and 8 min, and between each heated group in the absence or presence of GFs (e.g., 4 min heating with or without GFs), respectively (p<0.05) highest temperature (44°C) for heating durations of 0-8 min for measurements of thermal induction of HSPs and bone-related proteins.
The measurement of HSPs (Fig. 2) was a critical aspect of this study due to their importance in bone physiology (Tiffee et al. 2000) , matrix protein production (Dafforn et al. 2001) , and their thermally induced expression kinetics (Wang et al. 2008) . According to an immunostaining study using rat tibia, HSPs are believed to have important roles in the bone formation process since HSP27, HSP47, and HSP70 are highly expressed in osteoblasts of new bonegenerating areas with type I collagen (Tiffee et al. 2000; Rylander et al. 2010 ). To our knowledge, this is the first study to demonstrate induction of HSP27, HSP47, and HSP70 by preosteoblasts following identical heating conditions in vitro. Prior studies using cyclic tension (6 h, 15% magnitude, 1 cycle/s) showed only an 8.1-fold induction in HSP70 and a decrease in HSP27 mRNA in trabecular meshwork cells (Luna et al. 2009 ). Therefore, thermal stress may provide a more powerful conditioning method for inducing HSPs requiring only a single short thermal dose rather than repeated conditioning strategies, such as stretching (Luna et al. 2009 ) or hydrostatic pressure (Kaarniranta et al. 2003) .
Comparable HSP70 expression levels and trends were observed in studies by Rylander et al. in which endothelial cells were heated with a water bath (44-46°C for 0-10 min) and HSP expression was measured at 16-18 h PH (Rylander et al. 2005) . Similarly, Wang et al. reported heating using an incubator set at 42°C for 1.6 h caused transient induction of HSP70 with maximum expression for a PH of 16 h (Wang et al. 2008 ). Other studies have also shown increased HSP70 levels (∼1.7-fold) compared to control by chondrocytes heated at 43°C for 1 h with an incubator (Sawatzky et al. 2005) . Thermally induced HSP27 and HSP70 expression kinetics observed in this study are similar to prior studies by Rylander et al. in which the temporal HSP expression profiles in cancerous (PC3) and normal (RWPE-1) prostate cells were measured following thermal stress (Rylander et al. 2010) . In particular, HSP27 upregulation in MC3T3-E1 cells may offer protection to external stresses while also modulating several important molecules relevant in bone physiology. MC3T3-E1 cells have been previously shown to regulate HSP27-related transcripts by estrogen pretreatment in response to thermal stress (Cooper and Uoshima 1994) and promote HSP27 by prostaglandin D 2 , whose action is mediated by protein kinase C and mitogen-activated protein kinase (MAPK) signaling pathway (e.g., p44/42 and p38; Kozawa et al. 2001) .
Although the effect of GFs on HSP induction is poorly understood and can vary depending on target cells and treatment protocols, previous literature has shown induction of HSPs by TGF-β (Yamamura et al. 1998; Cao et al. 1999; Hayashi et al. 2008) . Our study suggests that dual treatment with osteoinductive GFs in the form of TGF-β1 and BMP-2 induced HSP47, but did not contribute to induction of HSP27 and HSP70. The variation in response of each HSP to GFs may be caused by differences in their inherent function in cells. For example, in collagen-secreting cells, increased expression of HSP47 mRNA caused by TGF-β1 (Yamamura et al. 1998 ) can contribute to regulation of collagen synthesis by serving as a procollagen-binding molecular chaperone (Dafforn et al. 2001) . However, HSP27 and HSP70 are related to intracellular apoptosis-related mechanisms (Lanneau et al. 2007 ). In this study, gene expression of each bone-related protein in MC3T3-E1 cells, which were measured at 8, 24, and 72 h following thermal conditioning at 44°C for 0-8 min using identical methods as described for HSPs, showed varying induction trends depending on time points (Figs. 3, 5, and 6 ). This broad screening of bone-related proteins is critical to determine whether thermal stress conditioning and GFs individually or in combination may potentially cause beneficial or deleterious effects associated with osteogenesis, angiogenesis, and osteoclastogenesis in bone. The induction or suppression of the aforementioned bone proteins regulates bone physiological processes. The interaction among bone cells (Matsuo 2009 ) and between osteoblasts and endothelial cells (Grellier et al. 2009 ) is controlled by secretion of bioactive molecules such as BMP-2 and VEGF or mediation through ligands such as the receptor activator of NF-κB ligand (RANKL) which is related to OPG.
The upregulation of OCN mRNA by thermal stress preconditioning, as shown in our study, could potentially promote bone formation. Similarly, our study demonstrated the capability of thermal stress preconditioning to upregulate OPN mRNA. Previously, elevated levels of OCN mRNA have been accompanied with high mineralization in native bone-like MC3T3-E1-seeded scaffolds exhibiting specialized cell localization (Shea et al. 2000) . Therefore, induction of OCN mRNA by heating, as shown in our study, could potentially accelerate in vitro osteogenesis. Similarly, prior literature (Klein-Nulend et al. 1997 ) has shown OPN gene induction by mechanical stress contributes to bone regeneration, thereby offering another benefit to our approach involving thermally-induced OPN mRNA. In addition, COX-2, which operates as an enzyme critical for prostaglandin production and is necessary for bone repair (Einhorn 2003; O'Keefe et al. 2006) , was revealed here to be transiently induced more significantly with longer thermal stress duration and by GF addition (Fig. 5) .
Our study demonstrates greater induction of OPG genes following conditioning with heating and GFs in combination compared to individual treatment with heating and GFs. In addition, we showed that either GF treatment or heating can downregulate MMP-9. Inhibition of bone resorptive enzymes, such as MMP-9, and promotion of antiosteoclastogenic proteins such as OPG within the bone microenvironment could be utilized to mitigate bone overresorption, which causes bone diseases such as osteoporosis (Rodan and Martin 2000) . Although osteoinductive GF treatment (e.g., BMP-2 and TGF-β1) is known to promote OPG induction (Sato et al. 2009 ) and OPG/OCIF (osteoclastogenesis inhibitory factor) (Takai et al. 1998) in MC3T3-E1 cells, this is the first study investigating the effect of thermal stress alone and in combination with GFs on OPG induction. In addition to OPG's inhibitory role in osteoclastogenesis, Grundt et al. suggested it can upregulate the level of ALP directly in a dose-dependent manner (Grundt et al. 2009 ). Taken together, our results suggest that conditioning with heating and GFs in combination could be applied to inhibit osteoclast differentiation and bone resorptive processes in the bone microenvironment.
The thermal preconditioning protocols utilized in this study hindered the induction of ALP and BSP genes (Fig. 3) . Since mild heating at 42°C or lower for 30-60 min has been reported in studies to promote levels of ALP for PH periods of 4 days or longer than 1 week, it is difficult to compare prior results to our study due to the differences in heating methodology (Lee et al. 2008; Shui and Scutt 2001) . Furthermore, type I collagen mRNA exhibited no significant difference following thermal conditioning and GFs for all three PH periods. These results, which may be a negative sign for bone healing, should be investigated further to develop more optimal protocols for inducing these proteins by using more mild-heating preconditioning or long-term analysis of bone-related proteins. In general, since we utilized only a single dose of thermal stress followed by analysis at a limited number of timepoints during short-term PH, the enhancement of bone-related proteins and HSPs may be transient and fail to induce sustained upregulation and appropriate timepoints for analysis may not be considered. Long-term stress conditioning using a 3D scaffold in a thermal conditioning bioreactor could provide bone cells sufficient time for in vitro bone formation and mineralization.
Our results (Fig. 6) showed the combination of thermal stress preconditioning and GFs could synergistically upregulate VEGF implying these methods may be conducive to enhancing angiogenesis in bone healing. Without GFs, thermal stress induced rapid upregulation of VEGF after short PH periods of several hours. Production of VEGF is critical to stimulation of blood vessel formation necessary for bone regeneration or neovascularization within a tissueengineered scaffold. Although mechanical stress (Singh et al. 2007; Hurley et al. 2010 ) and biochemical cues (Deckers et al. 2002) have been extensively shown to enhance angiogenesis, the impact of thermal stress on VEGF regulation has not been sufficiently explored. According to Gong et al.'s study (Gong et al. 2006 ) using a rat animal model, cardiac tissue expressed more VEGF with upregulation of HSP70 when it was exposed to elevated temperatures (42°C for 15 min) generated by a heating pad.
Conclusion
This study revealed that preosteoblasts exposed to elevated temperature (44°C) and two exogenous osteoinductive GFs (BMP-2 and TGF-β1) individually or in combination showed potential angiogenic and anti-osteoclastic effects with varied alterations in expression of HSPs and bonerelated proteins (e.g., VEGF). Heating at 44°C (for 8 min) rapidly induced OCN, OPN, OPG, VEGF, and COX-2 mRNA at 8 h post-heating. The addition of GFs with heating, induced OPG and VEGF genes more significantly compared to heating or GF addition alone. OPN, OCN, and OPG secretions increased with the addition of GFs. However, MMP-9 secretion was inhibited by heating, with more significant declines associated with GF inclusion. Further research should focus on optimizing the thermal stress conditioning parameters (e.g. dose and post-heating durations between repeated thermal stress events) using a more controlled and automated heating system. Based on this study, individual or combined conditioning with heating and exogenous GFs can potentially serve as a new strategy to inhibit the imbalance between osteoclasts and osteoblasts associated with bone diseases such as osteoporosis and induce bone formation and angiogenesis critical for bone regeneration.
